Significance Statement
======================

In this article, we report the results of a systematic review and meta-analysis investigating the discontinuation, efficacy, and safety of cholinesterase inhibitors for Alzheimer's disease. We included 43 randomized clinical trials involving 16106 patients. We used a Bayesian framework. While cholinesterase inhibitors showed a poor risk-benefit relationship, as indicated by small symptom improvement, and a higher all-cause discontinuation than placebo, a reduction in mortality was also found, which could indicate some disease progression-modifying effect these drugs. This finding could renew interest in clinical research on cholinesterase inhibitors. Nevertheless, the clinical relevance of reduction in mortality accompanied by only a small improvement in symptoms is uncertain. Finally, intervention- and patient-related factors, but not study design, were found to modify the effect of cholinesterase inhibitors in patients with Alzheimer's disease. To the best of our knowledge, this is the largest meta-analysis in the field, the first to focus on clinically relevant outcomes, to find a reduction in mortality, and to identify patient-, intervention-, and study design-related covariates that modify the efficacy, safety, and discontinuation of cholinesterase inhibitors in patients with Alzheimer's disease.

Introduction {#s1}
============

Alzheimer's disease (AD) is an age-related neurodegenerative disorder that affects 60% to 70% of the 47.5 million people suffering from dementia worldwide ([@CIT0057]). AD causes progressive decline in cognition, behavior, and daily living activities, which can lead to complete dependency on caregivers before finally to resulting in death. From the initial diagnosis and the beginning cholinesterase inhibitor (ChEIs) therapy, men live 5.1 years and women 6.1 years, on average ([@CIT0055]). The most common cause of death is pneumonia, followed by cardiovascular diseases ([@CIT0004]; [@CIT0017]).

ChEIs increase acetylcholine in the synaptic gap of the hippocampus and cortex neurons with the aim to improve cognitive function ([@CIT0019]). Furthermore, since cholinergic transmission was found to be involved in mood regulation, ChEIs may improve psychiatric symptoms in patients with AD ([@CIT0027]). Donepezil, galantamine, and rivastigmine are Food and Drug Administration- and European Medicine Agency-approved ChEIs for AD and have become widely used. American and European guidelines recommend ChEIs as a first-line pharmacological treatment for mild to moderate AD, jointly with nonpharmacological treatment for cognitive disorders ([@CIT0039]; [@CIT0036]). Nevertheless, the risk-benefit of ChEIs is still under discussion. Evidence of improvement on relevant clinically meaningful outcomes, for example, need for caregiver, institutional care, hospital admissions, disease progression through relevant health states, quality of life, and mortality are lacking ([@CIT0033]). The efficacy of these interventions has been assessed, essentially, on AD symptoms using rating scales. Outcomes of this type have several limitations, as they are subjective and therefore more likely to be biased due to blinding failure, particularly if the interventions studied have behavioral or physical effects that may unmask blinding. Furthermore, these outcomes may show a high risk of attrition bias due to systematic differences between the interventions studied in withdrawals from the study. In addition to this, ChEIs have been associated with a number of side effects such as nausea, vomiting, diarrhoea, abdominal pain, anorexia, headache, insomnia, muscle cramps, bradycardia, and syncope ([@CIT0002]; [@CIT0005]). Since the efficacy of ChEIs is arguable and tolerability may be low, the risk-benefit relationship of these interventions is unclear. In this context, all-cause discontinuation is a pragmatic outcome that may help in weighing the efficacy of ChEIs for AD against their safety. Any intervention leading to a meaningful improvement in symptoms, with acceptable side effects, would be expected to yield a lower discontinuation rate than placebo, whereas when the efficacy of the drug does not compensate for its side effects, the discontinuation rate would be higher. Furthermore, discontinuation is not affected by attrition bias, because there are no missing data for this outcome. Discontinuation has been used in other areas such as schizophrenia ([@CIT0049]), depression ([@CIT0007]), and attention deficit hyperactivity disorder ([@CIT0011]).

The aim of this study was to investigate the effect of ChEIs on all-cause discontinuation, efficacy, and safety in patients with AD. Furthermore, the between-study variability on efficacy and safety was large, with some randomized placebo-controlled clinical trials (RPCCTs) showing substantial symptom improvement compared with placebo, while others found no evidence of efficacy on relevant clinical outcomes ([@CIT0009]; [@CIT0042]; [@CIT0056]; [@CIT0001]). With the aim of determining the reasons behind such variability, we grouped the factors explaining between-study variability into 3 categories: (1) factors related to the design of the study, such as the existence of a lead-in phase ([@CIT0012]) or the number of study sites ([@CIT0053]), (2) intervention-related factors such as dose ([@CIT0006]) and treatment duration ([@CIT0035]), and (3) patient-related factors such as age ([@CIT0048]) and the severity of the disease ([@CIT0045]). To achieve these goals, a systematic review with meta-analysis and meta-regression was carried out. This method has the advantage that it allows for the investigation of covariates that vary between studies but not within study such as study-design related covariates.

Methods {#s2}
=======

Design and Search Strategy {#s3}
--------------------------

A systematic review and meta-analysis was conducted. We included double-blind RPCCTs with a parallel design that compared authorized doses of donepezil, galantamine, or rivastigmine by Food and Drug Administration or European Medicine Agency with placebo in patients with AD. The length of intervention was 12 weeks minimum. We excluded studies that were available only as abstracts. The study protocol was registered at the International Prospective Register of Systematic Reviews (PROSPERO): CRD42014015156.

The following electronic databases were searched: Medline, Cochrane Central Register of Controlled Trials, PsycINFO, Web of Knowledge, [www.clinicaltrials.gov](www.clinicaltrials.gov), [www.clinicaltrialregister.eu](www.clinicaltrialregister.eu), [www.controlled-trials.com](www.controlled-trials.com), and pharmaceutical databases (see supplementary Table 1 for the search strategies). The search was limited to clinical trials up to April 30, 2016. Systematic reviews ([@CIT0029]; [@CIT0003]; [@CIT0015]) and list references were revised to identify potential RPCCTs.

Data Extraction and Quality Assessment {#s4}
--------------------------------------

Data extraction from the articles selected was performed independently by two reviewers (L.B., X.C.). We contacted authors and pharmaceutical companies to obtain unpublished data. The risk of bias was evaluated using the scale developed by the Cochrane Collaboration ([@CIT0024]). This instrument ascertains the risk of bias on the basis of the description and suitability of the following: sequence generation, allocation concealment, blinding, incomplete data, selective outcome reporting, and other biases. A judgement relating to the risk of bias is given for each domain in terms of low, high, or unclear risk.

Outcomes and Covariates {#s5}
-----------------------

The primary outcomes were all-cause discontinuation defined as the proportion of randomized patients who did not complete the study for any reason; discontinuation due to adverse events (AEs) and efficacy on cognitive function, assessed using the Alzheimer's Disease Assessment Scale Cognitive subscale ([@CIT0043]) or the Mini-Mental State Examination ([@CIT0018]).

The secondary outcomes were (1) discontinuation due to lack of efficacy (LoE); (2) efficacy on global change from the baseline using the Clinician Interview-Based Impression on Change-Plus Caregiver Input ([@CIT0016]) or the Clinical Global Impression ([@CIT0022]); (3) efficacy on neuropsychiatric symptoms using the Neuropsychiatric Inventory ([@CIT0010]) or the Behavioral Pathology in Alzheimer's Disease Rating Scale ([@CIT0040]); (4) efficacy on functional capacity assessed with the Alzheimer's Disease Cooperative Study Activities of Daily Living Inventory 19- or 23-item Scale ([@CIT0020]) or the Disability Assessment for Dementia ([@CIT0021]); (5) mortality; (6) AEs defined as the proportion of patients experiencing any AE during the study; and (7) serious adverse events (SAEs) defined as the proportion of patients experiencing one or more SAEs during the clinical trial. We preferred intention-to-treat analysis data to per-protocol data. Furthermore, for efficacy outcomes, we preferred change scores to endpoint scores, and these to response rates.

The following covariates were considered: number of study sites (single vs multi-site); lead-in period (yes vs no); placebo lead-in period (yes vs no); type of ChEIs; dose (low vs high); dosage (fixed vs flexible); length of intervention (weeks); age (years); gender (percent women); baseline cognitive function; neuropsychiatric symptom severity; and functionality. Dose was labelled as "high" when it was equal or greater than the mean point between the highest and lowest authorized dose and "low" when it was lower than the mean point (e.g., since the authorized dose of galantamine is 8--24 mg, the mean point dose was 16 mg). Given that several scales were used for determining cognitive function, neuropsychiatric symptom severity, and functionality, we standardized baseline scores as the percent of scale maxima. This means reexpressing the score as if the scale ranged from 0 to 100.

Statistical Analysis {#s6}
--------------------

Odds ratio (OR) and 95% CI were calculated for dichotomous outcomes and standardized mean difference (SMD) for continuous ones using Cohen's d. A SMD of 0.2 was considered small, 0.5 moderate, and ≥0.8 large (Cohen, 1998). In studies with multiple comparisons, for example, 2 different pharmacological interventions being compared with one placebo group, we analyzed each intervention separately by dividing the number of patients and events in the placebo group by 2 to avoid overcounting. In addition, for efficacy results, OR were subsequently reexpressed as SMD to allow further combinations of continuous and dichotomous outcomes ([@CIT0025]). Change scores, endpoint scores, and response rates were all used, since combining change and endpoint scores has been shown to be valid ([@CIT0013]) and also the combination of continuous and binary data ([@CIT0025]). Heterogeneity was assessed using the uncertainty factor I^2^, which measures the percentage of the variance of the observed results ([@CIT0052]). We combined, both the OR and SMD, by means of a model of random effects ([@CIT0014]). This model allows both the within-study and between-study heterogeneities to be taken into account. In addition, we used meta-regressions to control the heterogeneity on discontinuation, efficacy, and safety outcomes, introducing possible heterogeneity-explaining variables. Due to the greater flexibility of the Bayesian estimation, a consequence of its hierarchical strategy, we chose to do the meta-analysis and the meta-regressions by means of a Bayesian framework. In summary, first of all, the initial uncertainty about the effect measures being meta-analyzed (i.e., OR and SMD), and on extent of among-study variation, was expressed through prior distributions. Secondly, we combined prior distributions with the so-called likelihood (i.e., the current data to meta-analysed in the random effects models) to obtain posterior distribution for the quantities of interest (again, OR and SMD). Finally, we summarized the posterior distributions by point estimates and credible intervals (analogous to the classical confidence intervals). As is known, in Bayesian analysis the choice of the prior distribution may have a considerable impact on the results. For this reason, in this paper we used penalizing complexity priors. These priors are invariant to re-parameterizations and have robustness properties ([@CIT0046]). Among the advantages of the Bayesian meta-analysis with respect to the classical (or frequentist) meta-analysis are: this approach is considered the most suitable for accounting model uncertainty, both in the parameters and in the specification of the models; only under the Bayesian approach is it possible to model both variability with relatively sparse data, and within the Bayesian approach, it is easy to specify more complex scenarios. All analyses were conducted using the free software R (version 3.2.3) ([@CIT0038]) through the INLA library ([@CIT0041]). Sensitivity analyses were performed by repeating the analysis after excluding RPCCTs that were deemed to have high risk of bias and by using a frequentist approach, with Revman ([@CIT0051]). Publication bias was assessed with Egger's test for asymmetry ([@CIT0016]) and funnel plots ([@CIT0047]).

Results {#s7}
=======

Study Design, Intervention, and Patient Characteristics {#s8}
-------------------------------------------------------

Forty-three RPCCTs were included (supplementary Figure 1 for the flow diagram and supplementary Table 2 for the reference of the included trials). As 15 studies investigated different doses or formulations of the same ChEI, we analyzed 60 drug-placebo comparisons. Study design, intervention, and patient characteristics are reported in [Table 1](#T1){ref-type="table"} and supplementary Table 3. Regarding the study design, most studies were multicentre (88.1%) and about one-quarter (25.6%) had a lead-in period, the majority of these being a placebo lead-in period (90.9%). More than one-half of studies used the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's disease and Related Disorders Association (88.4%) or Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (51.2%) diagnostic criteria. A high proportion of studies (69.8%) report that patients with dementias other than AD were excluded while only in one ([@CIT0001]), patients with vascular dementia were eligible. Thirty-eight studies (88.4 %) had a commercial sponsorship.

###### 

Studies, Intervention, and Patients Characteristics and Risk of Bias of Included RPCCTs

  Studies                                          
  ------------------------------------------------ --------
  Number of studies                                43
  Number of drug-placebo comparisons               60
  Number of patients/study (median)                268
  Multi-site studies (%)                           88.1
  Lead-in period (%)                               25.6
  Placebo lead-in period (%)                       90.9
  Intervention^*a*^                                
   Donepezil (%)                                   45.0
   Galantamine (%)                                 26.7
   Rivastigmine (%)                                28.3
  Dose (%)^*b*^                                    
   Low                                             27.3
   High                                            72.7
  Dosage (%)                                       
   Fixed                                           60.0
   Flexible                                        40.0
  Length (mean)                                    25.1
   12--24 weeks (%)                                23.3
   ≥24--36 weeks (%)                               68.4
   ≥36 weeks (%)                                   8.3
  Patients                                         
   Number of patients                              16,106
   Age (years)                                     74.5
   Women (%)                                       63.4
   Cognitive function (mean)^*c*^                  57.7
   Neuropsychiatric symptom severity (mean)^*c*^   13.5
   Functionality (mean)^*c*^                       62.2
  High risk of bias^*d*^                           
   Discontinuation outcomes                        0
   Efficacy cognitive function                     22.0
   Efficacy global change                          25.0
   Efficacy neuropsychiatric symptoms              21.1
   Efficacy functional capacity                    33.3
   Mortality                                       17.3
   Any AE                                          23.5
   SAE                                             16.7

Abbreviations: AE, adverse event; SAE, serious adverse event.

^*a*^Proportion of drug-placebo comparisons.

^*b*^High, mean daily dose of donepezil \>7.5 mg, galantamine \>16 mg, and rivastigmine \>5.5 mg; Low, mean daily dose of donepezil \<7.5 mg; galantamine \<16 mg, and rivastigmine \<5.5 mg.

^*c*^As a percentage of scale maxima (0--100).

^*d*^Proportion of comparisons with high risk of bias for each outcome.

Regarding the interventions, donepezil was studied in 23 studies involving 27 drug vs placebo comparisons with 5755 patients, galantamine in 11 studies (16 drug vs placebo comparisons) with 6251 patients, and rivastigmine in 9 studies (17 drug vs placebo comparisons) with 4100 patients included. Most RPCCTs investigated high ChEIs doses and used a fixed dosage. The mean treatment length was 25 weeks and ranged from 12 to 54.

A total of 16106 patients with AD were enrolled and 9555 received ChEIs and 6551 placebo. The mean age was 74.5 years and almost two-thirds of patients were women (63.4%). On average, patients showed a moderate cognitive impairment. Neuropsychiatric symptoms severity was mild and functionality impairment was moderate.

No study was deemed to have a high risk of bias for discontinuation outcomes. For the other study outcomes, between 17% and 33% of drug-placebo comparisons were scored "high risk of bias" (supplementary Table 4; supplementary Figures 2 and 3). The most common reason for scoring high risk of bias was attrition bias due to a high withdrawal rate or between-group differences in the discontinuation rate.

Discontinuation, Efficacy, and Safety Outcomes {#s9}
----------------------------------------------

The results of the effect of ChEIs vs placebo on study outcomes are presented in [Table 2](#T2){ref-type="table"} (For raw data analyzed, see supplementary Tables 5--14). All-cause discontinuation was higher with ChEIs than with placebo (OR = 1.66, 95%CI 1.30, 2.03) ([Figure 1](#F1){ref-type="fig"}). Discontinuation due to AEs was also higher with ChEIs (OR=1.75, 95%CI 1.45, 2.05) (supplementary Figure 4), while discontinuation due to LoE was lower (OR = 0.56, 95%CI 0.34, 0.78) (supplementary Figure 5).

###### 

Effect of ChEIs on Discontinuation, Efficacy, and Safety Outcomes in Patients with Alzheimer's Disease

  Outcome                       n    Effect size (95% CI)       I^2^ (%)
  ----------------------------- ---- -------------------------- ----------
  Discontinuation                                               
   All-cause discontinuation    51   OR = 1.66 (1.30, 2.03)     51.7
   Discontinuation due to AEs   44   OR = 1.75 (1.45, 2.05)     0
   Discontinuation due to LoE   12   OR = 0.56 (0.34, 0.78)     0
  Efficacy                                                      
   Cognitive function           41   SMD = 0.38 (0.28, 0.47)    41.1
   Global change                32   SMD = 0.28 (0.22, 0.34)    0
   Neuropsychiatric symptoms    19   SMD = 0.03 (-0.04, 0.09)   0
   Functional capacity          18   SMD = 0.16 (0.11, 0.20)    0
  Safety                                                        
   Mortality                    19   OR = 0. 65 (0.47, 0.83)    0
   Proportion patients AEs      34   OR = 1.69 (1.46, 1.93)     0
   Proportion patients SAEs     32   OR = 1.10 (0.84, 1.35)     0

Abbreviations: AE, adverse event; LoE, Lack of efficacy; OR, odds ratio.

![Forest plot meta-analysis pooled effect for all-cause discontinuation of 51 drug-placebo comparisons. Odds Ratio value \> 1 placebo more favourable than ChEIs.](pyx01201){#F1}

ChEIs were more efficacious than placebo for reducing cognitive symptoms (SMD = 0.38, 95%CI 0.28, 0.47) (supplementary Figure 6). Similarly, ChEIs slightly improved the global symptoms (SMD = 0.28, 95%CI 0.22, 0.34) (supplementary Figure 7). However, these drugs did not improve neuropsychiatric symptoms (SMD = 0.03, 95%CI -0.04, 0.09) (supplementary Figure 8). A very small effect was found on functional capacity (SMD = 0.16, 95%CI 0.11, 0.20) (supplementary Figure 9). The type of scale used to evaluate the efficacy did not affect the results of any efficacy outcome ([Table 3](#T3){ref-type="table"}).

###### 

Meta-Regression Analyses of Study Design-, Intervention- and Patient-Related Characteristics Associated with Discontinuation, Efficacy, and Safety Outcomes

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                              All-cause discontinuation   Discontinuation due to Aes   Discontinuation due to LoE   Cognitive function   Global change          Neuropsychiatric symptoms   Functional capacity   Mortality         Proportion patients AEs   Proportion patients SAEs
  ------------------------------------------- --------------------------- ---------------------------- ---------------------------- -------------------- ---------------------- --------------------------- --------------------- ----------------- ------------------------- --------------------------
  Study site                                                                                                                                                                                                                                                                  

  Single site (ref.)                          2.550\                      3.096\                       0.001\                       0.087\               (NA)                   -0.170\                     (NA)                  (NA)              (NA)                      (NA)
                                              (1.251, 3.846)              (1.104, 5.081)               (-0.822, 0.824)              (-0.268, 0.441)                             (-0.443, 0.103)                                                                               

  Multi-site                                  -0.965\                     -1.381\                      0.600\                       0.313\               (NA)                   0.207\                      (NA)                  (NA)              (NA)                      (NA)
                                              (-2.315, 0.385)             (-3.390, 0.630)              (-0.253, 1.451)              (-0.056, 0.681)                             (-0.073, 0.488)                                                                               

  Lead-in period                                                                                                                                                                                                                                                              

  No (ref.)                                   1.785\                      1.885\                       0.675\                       0.387\               0.314\                 -0.019\                     0.159\                0.564\            1.846\                    1.190\
                                              (1.346, 2.223)              (1.536, 2.233)               (0.437, 0.913)               (0.267, 0.507)       (0.247, 0.381)         (-0.111, 0.073)             (0.086, 0.232)        (0.341, 0.787)    (1.558, 2.133)            (0.896, 1.484)

  Yes                                         -0.407\                     -0.491\                      -0.428\                      -0.032\              -0.114\                0.086\                      -0.003\               0.248\            -0.400\                   -0.344\
                                              (-1.200, 0.382)             (-1.147, 0.164)              (-0.889, 0.032)              (-0.246, 0.181)      (-0.234, 0.006)        (-0.041, 0.213)             (-0.101, 0.095)       (-0.131, 0.626)   (-0.865, 0.065)           (-0.907, 0.218)

  Placebo lead-in period                                                                                                                                                                                                                                                      

  No (ref.)                                   1.755\                      1.885\                       0.675\                       0.388\               0.314\                 -0.016\                     0.159\                0.576\            1.846\                    1.190\
                                              (1.321, 2.189)              (1.536, 2.233)               (0.437, 0.913)               (0.269, 0.505)       (0.247, 0.381)         (-0.103, 0.071)             (0.086, 0.232)        (0.359, 0.793)    (1.558, 2.133)            (0.896, 1.484)

  Yes                                         -0.330\                     -0.491\                      -0.428\                      -0.038\              -0.114\                0.089\                      -0.003\               0.242\            -0.400\                   -0.344\
                                              (-1.138, 0.478)             (-1.147, 0.164)              (-0.889, 0.032)              (-0.256, 0.180)      (-0.234, 0.006)        (-0.037, 0.215)             (-0.101, 0.095)       (-0.151, 0.635)   (-0.865, 0.065)           (-0.907, 0.218)

  Intervention                                                                                                                                                                                                                                                                

  Donepezil (ref.)                            1.071\                      1.549\                       0.333\                       0.383\               0.410\                 -0.076^†^\                  0.177\                0.626\            1.662\                    1.189\
                                              (0.610, 1.531)^\*\ †^       (1.096, 2.001)               (-0.292, 0.959)              (0.230, 0.536)       (0.326, 0.494)^\*^     (-0.157, 0.004)             (0.073, 0.282)        (0.372, 0.881)    (1.294, 2.030)            (0.844, 1.534)

  Galantamine                                 0.650\                      0.181\                       0.171\                       -0.087\              -0.247\                0.181\                      -0.039\               0.054\            -0.035\                   -0.219\
                                              (-0.119, 1.418) ^†^         (-0.525, 0.887)              (-0.596, 0.937)              (-0.319, 0.146)      (-0.363, -0.131)^\*^   (0.063, 0.298)^\*\ †^       (-0.163, 0.084)       (-0.376, 0.484)   (-0.556, 0.484)           (-0.779, 0.341)

  Rivastigmine                                1.658\                      0.544\                       0.303\                       0.079\               -0.135\                0.171\                      0.008\                0.056\            0.257\                    -0.162\
                                              (0.871, 2.445)^\*\ †^       (-0.196, 1.283)              (-0.389, 0.994)              (-0.166, 0.323)      (-0.251, -0.020)^\*^   (0.032, 0.310)^\*\ †^       (-0.140, 0.155)       (-0.532, 0.643)   (-0.414, 0.928)           (-0.971, 0.645)

  Dose                                                                                                                                                                                                                                                                        

  Low (ref.)                                  1.225\                      1.483\                       0.507\                       0.385\               0.302\                 0.066\                      0.175\                0.630\            1.446\                    0.853\
                                              (0.577, 1.873)              (0.962, 2.004)               (0.105, 0.907)               (0.207, 0.563)       (0.196, 0.408)         (-0.065, 0.197)             (0.089, 0.260)        (0.263, 0.996)    (1.064, 1.828)            (0.425, 1.280)

  High                                        0.628\                      0.390\                       0.081\                       -0.013\              -0.034\                -0.054\                     -0.027\               0.028\            0.382\                    0.365\
                                              (-0.151, 1.406)             (-0.245, 1.024)              (-0.410, 0.572)              (-0.228, 0.202)      (-0.162, 0.094)        (-0.206, 0.099)             (-0.131, 0.078)       (-0.398, 0.453)   (-0.094, 0.857)           (-0.158, 0.888)

  Dosage                                                                                                                                                                                                                                                                      

  Fixed (ref.)                                1.378\                      1.701\                       0.553\                       0.330\               0.269\                 0.015\                      0.152\                0.555\            1.682\                    1.110\
                                              (0.918, 1.837)              (1.307, 2.095)               (0.113, 0.992)               (0.210, 0.449)       (0.193, 0.345)         (-0.068, 0.099)             (0.092, 0.211)        (0.314, 0.796)    (1.396, 1.968)            (0.813, 1.407)

  Flexible                                    0.699\                      0.108\                       0.011\                       0.138\               0.022\                 0.03\                       0.017\                0.219\            0.035\                    -0.051\
                                              (-0.024, 1.422)             (-0.505, 0.720)              (-0.503, 0.524)              (-0.068, 0.342)      (-0.098, 0.142)        (-0.107, 0.168)             (-0.086, 0.120)       (-0.147, 0.585)   (-0.468, 0.538)           (-0.620, 0.517)

  Length (weeks)                                                                                                                                                                                                                                                              

  Intercept                                   2.320\                      2.589\                       0.689\                       0.188\               0.191\                 -0.025\                     0.190\                0.265\            1.810\                    0.817\
                                              (1.242, 3.395)              (1.709, 3.468)               (-0.164, 1.540)              (-0.086, 0.462)      (-0.026, 0.408)        (-0.565, 0.515)             (-0.009, 0.389)       (-0.186, 0.715)   (1.367, 2.252)            (0.111, 1.523)

                                              -0.026\                     -0.033\                      -0.005\                      0.008\               0.004\                 0.002\                      -0.001\               0.014\            -0.008\                   0.011\
                                              (-0.067, 0.014)             (-0.065, 0.000)              (-0.036, 0.026)              (-0.003, 0.018)      (-0.005, 0.012)        (-0.021, 0.025)             (-0.009, 0.006)       (-0.001, 0.029)   (-0.035, 0.020)           (-0.015, 0.037)

  Age (years)                                                                                                                                                                                                                                                                 

  Intercept                                   0.453\                      6.701\                       -1.986\                      0.070\               1.172\                 -0.640\                     -0.197\               1.638\            1.982\                    7.648\
                                              (-1.919, 2.821)             (0.804, 12.536)              (-8.233, 4.321)              (-0.536, 0.676)      (-0.393, 2.734)        (-1.364, 0.085)             (-1.520, 1.124)       (-1.702, 4.961)   (0.691, 3.269)            (4.794, 10.474)

                                              0.017\                      -0.066\                      0.035\                       0.004\               -0.012\                0.009\                      0.005\                -0.013\           -0.004\                   -0.088\
                                              (-0.016, 0.049)             (-0.144, 0.012)              (-0.051, 0.119)              (-0.004, 0.012)      (-0.033, 0.009)        (-0.001, 0.018)             (-0.013, 0.022)       (-0.056, 0.031)   (-0.022, 0.014)           (-0.125, -0.050)^\*^

  Women (%)                                                                                                                                                                                                                                                                   

  Intercept                                   2.7779\                     2.845\                       0.605\                       0.217\               0.310\                 0.021\                      0.077\                0.505\            2.454\                    2.270\
                                              (1.701, 3.855)              (1.902, 3.786)               (0.035, 1.174)               (-0.136, 0.570)      (0.113, 0.505)         (-0.553, 0.595)             (-0.515, 0.668)       (-0.993, 2.001)   (1.625, 3.281)            (1.011, 3.527)

                                              -0.019\                     -0.018\                      -0.001\                      0.003\               -0.001\                0\                          0.001\                -0.002\           -0.013\                   -0.019\
                                              (-0.036, -0.002)^\*\ †^     (-0.033, -0.003)^\*\ †^      (-0.01, 0.009)               (-0.003, 0.008)      (-0.004, 0.003)        (-0.001, 0.018)             (-0.007, 0.010)       (-0.020, 0.024)   (-0.026, 0.001)           (-0.038, 0.001)

  Cognitive function (mean)                                                                                                                                                                                                                                                   

  Intercept                                   2.348\                      0.693\                       3.643\                       0.377\               0.154\                 -0.048\                     0.159\                0.572\            1.696\                    1.294\
                                              (1.396, 3.300)              (-0.158, 1.542)              (-1.472, 8.669)              (0.077, 0.677)       (-0.029, 0.338)        (-0.175, 0.079)             (0.047, 0.271)        (-0.109, 1.251)   (1.108, 2.283)            (0.648, 1.939)

                                              -0.013\                     0.019\                       -0.048\                      0.000\               0.002\                 0.002\                      0\                    0.001\            0\                        -0.004\
                                              (-0.030, 0.004)             (0.004, 0.034)^\*\ †^        (-0.128, 0.318)              (-0.005, 0.005)      (-0.001, 0.005)        (-0.001, 0.004)             (-0.002, 0.002)       (-0.011, 0.014)   (-0.011, 0.011)           (-0.016, 0.008)

  Neuropsychiatric symptoms severity (mean)                                                                                                                                                                                                                                   

  Intercept                                   1.823\                      1.846\                       0.426\                       0.399\               0.290\                 -0.027\                     0.138\                0.759\            1.669\                    1.194\
                                              (1.405, 2.241)              (1.060, 2.186)               (0.177, 0.675)               (0.286, 0.512)       (0.222, 0.358)         (-0.143, 0.090)             (0.066, 0.210)        (0.459, 1.058)    (1.427, 1.969)            (0.890, 1.498)

                                              -0.034\                     -0.022\                      0.019\                       -0.005\              -0.002\                0.004\                      0.002\                -0.06\            -0.003\                   -0.011\
                                              (-0.083, 0.015)             (-0.061, 0.017)              (-0.001, 0.039)              (-0.018, 0.008)      (-0.009, 0.005)        (-0.004, 0.013)             (-0.003, 0.007)       (-0.035, 0.022)   (-0.031, 0.026)           (-0.040, 0.020)

  Functionality (mean)                                                                                                                                                                                                                                                        

  Intercept                                   1.767\                      1.761\                       0.381\                       0.375\               0.300\                 -0.073\                     0.162\                0.722\            1.677\                    1.280\
                                              (1.330, 2.204)              (1.390, 2.186)               (0.075, 0.686)               (0.251, 0.498)       (0.221, 0.379)         (-0.169, 0.023)             (0.033, 0.292)        (0.424, 1.019)    (1.363, 1.991)            (1.012, 1.548)

                                              -0.005\                     -0.001\                      0.005\                       0\                   -0.001\                0.002\                      0\                    0\                0\                        -0.006\
                                              (-0.017, 0.007)             (-0.01, 0.009)               (-0.001, 0.011)              (-0.003, 0.003)      (-0.003, 0.001)        (0.001, 0.004)^\*\ †^       (-0.002, 0.002)       (-0.007, 0.007)   (-0.007, 0.007)           (-0.014, 0.001)

  Type of scale^a^                                                                                                                                                                                                                                                            

  Intercept (ref.)                            (NA)                        (NA)                         (NA)                         0.420\               0.275\                 -0.058\                     -0.054\               (NA)              (NA)                      (NA)
                                                                                                                                    (0.311, 0.528)       (0.211, 0.339)         (-0.253, 0.138)             (-0.150, 0.042)                                                   

                                              (NA)                        (NA)                         (NA)                         -0.198\              0.023\                 0.064\                      0.232\                (NA)              (NA)                      (NA)
                                                                                                                                    (-0.430, 0.034)      (-0.139, 0.185)        (-0.076, 0.204)             (0.091, 0.373)                                                    
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: AEs, adverse events; LoE, lack of efficacy; ROR, risk of odd ratios; Diff SMD, difference of standardized mean differences; NA, not applicable; SAEs, serious adverse events.

^*a*^Type of scale used to evaluate the efficacy. Cognitive function MMSE or ADAS-Cog, global change CIBIC-Plus or CGI, neuropsychiatric symptoms NPI or BEHAVE-AD, functional capacity ADCS-ADL or DAD.

^\*^Statistically significant effect (*P* \< .05).

^†^Covariates included in multivariate analysis.

Thirty-eight studies provided information on mortality in a suitable way for meta-analysis. Two hundred and fifty-two patients died, mortality being slightly lower with ChEIs than with placebo (OR= 0.65, 95%CI 0.47, 0.83) (supplementary Figure 10). Most patients experienced AEs and the rate was higher for ChEIs than for the placebo group (OR=1.69 95%CI 1.46, 1.93) (supplementary Figure 11). No statistically significant differences in SAEs were found between ChEIs and placebo (OR=1.10 95%CI 0.84, 1.35) (supplementary Figure 12).

Meta-Regression Analysis: Effect of Covariates {#s10}
----------------------------------------------

The effects of study design-, intervention-, and patient-related covariates on study outcomes are presented in [Table 3](#T3){ref-type="table"}. Bi-variant meta-regression analysis showed that the gender and type of ChEI modified the effect on all-cause discontinuation outcome. However, in the multivariate analysis (supplementary Table 15), only the type of ChEI was independently associated with the effect on all-cause discontinuation. In this analysis, donepezil showed a better outcome than rivastigmine, and no statistically significant differences were found between galantamine and donepezil. Discontinuation due to AEs was negatively associated with the proportion of women and positively with cognitive function. These effects did not remain statistically significant in the multivariate analysis.

The type of ChEI was also associated with the effect on global symptomatology of AD, with donepezil showing a higher efficacy on global change than galantamine or rivastigmine. The efficacy of ChEIs on neuropsychiatric symptoms was modified by baseline functional capacity and the type of ChEI, but only the latter remained statistically significant in the multivariate analysis: galantamine and rivastigmine were found to be slightly more efficacious than donepezil. Regarding safety, SAEs were negatively correlated with age.

No covariate analysed in this study had a statistically significant effect on discontinuation due to LoE, efficacy on cognitive function, efficacy on functional capacity, the proportion of patients with AEs, and mortality.

Sensitivity Analysis and Publication Bias {#s11}
-----------------------------------------

The sensitivity analyses yielded similar findings to the primary ones with two exceptions. When the primary analyses were repeated using a frequentist approach, the effect of ChEIs on discontinuation due to LoE was not significant. Conversely, ChEIs were more efficacious than placebo on neuropsychiatric symptoms in this analysis (supplementary Table 16).

No evidence of asymmetry was found for the majority of study outcomes (supplementary Figures 13--22). For all-cause discontinuation and neuropsychiatric symptoms, the funnel plots were asymmetrical but not suggestive of publication bias, because they did not have a gap in the bottom corner where small studies with negative results are expected to lay. Egger's test for these outcomes was statistically significant.

Discussion {#s12}
==========

The present study found that a large number of RPCCTs have studied the efficacy and safety of ChEIs. Overall, ChEIs showed a modest efficacy on cognitive function and global symptomatology, nonclinically significant efficacy on functional capacity, and no evidence of efficacy on neuropsychiatric symptoms in patients with mild-moderate AD. Furthermore, our results could indicate that the modest improvement of AD symptoms does not compensate the frequent AEs of these drugs, as all-cause discontinuation rate was higher with ChEIs than with placebo. It is likely that since patients with AD are elderly persons with a high rate of comorbid disorders and receive concomitant interventions, the administration of ChEIs is poorly tolerated, leading to discontinuation for this reason. Our findings expand and complement those of previous studies ([@CIT0003]; [@CIT0015]; [@CIT0050]) and, like the NICE assessment ([@CIT0028]), would support that ChEIs have an unclear risk-benefit ratio. However, this study also suggests that this outcome varies depending on intervention and patient-related characteristics.

Firstly, we found that, while donepezil, galantamine, and rivastigmine show similar safety, they seem to differ in their efficacy and their effect on all-cause discontinuation. In addition, our results suggest that donepezil can be slightly more efficacious on the global symptomatology of AD than galantamine or rivastigmine. Furthermore, donepezil and galantamine can have a better outcome on all-cause discontinuation than rivastigmine, which was the only drug that showed a higher rate of all-cause discontinuation than placebo. In fact, some studies suggest that these two drugs have neuroprotective effects that could result in a delayed progression of the disease as shown in some clinical studies ([@CIT0037]; [@CIT0023]).

We also found that mortality was slightly lower in patients taking ChEIs than those taking placebo. This finding was unexpected, as safety warnings alert of a possible increase in mortality while using galantamine ([@CIT0031]). To the best of our knowledge, this is the first time that a study comparing ChEIs vs placebo showed a beneficial effect on mortality. Only some observational studies have pointed to this possibility in the past ([@CIT0055]; [@CIT0058]). We could not determine the causes of death and we cannot elucidate the mechanism by which ChEIs reduce mortality in patients with AD. Nevertheless, ChEIs may reduce cardiovascular-related deaths, which account for the second cause of death in patients with AD ([@CIT0034]; [@CIT0032]). Future studies should address the specific causes of death in RPCCTs of ChEIs in order to draw firm conclusions.

Regarding ChEIs' safety, we found patients' age to be negatively associated with SAEs. A possible explanation is that as the prevalence of comorbidities and their severity increases with age, the same can happen with the incidence of SAEs in the placebo group, thereby hiding a statistically significant difference of SAEs between the ChEIs and placebo groups.

Our results could have clinical consequences. Generally, the clinical guidelines do not make a clear recommendation on which ChEIs should be used as first-line treatment. Our findings would support donepezil as the ChEIs of choice for several reasons: it shows better results on withdrawals for any reason and better efficacy on global symptomatology than galantamine and rivastigmine, although donepezil is slightly worse for neuropsychiatric symptoms. However, before a clinical recommendation can be made, these results should be confirmed in rigorously performed comparative clinical trials ([@CIT0026]).

Limitations and Strengths {#s13}
-------------------------

This study has several limitations. Firstly, biased RPCCTs can also bias the results of our meta-analysis. However, biased RPCCTs do not seem to affect the results of our meta-analysis, as shown by the sensitivity analyses. These yield similar results to the primary ones after excluding those studies deemed to have a high risk of bias. No clear evidence of publication bias was found. The finding that ChEIs were not efficacious for reducing neuropsychiatric symptoms in our study contrasts with those of [@CIT0054]. Methodological differences in the statistical analysis may explain these apparently discrepant findings. Limitations affecting the meta-regression analysis must also be born in mind. Firstly, ecological bias should be considered because our findings derive from aggregated data. Secondly, the effect of covariates associated with study outcomes can be confounded with that of other covariates not included in the analyses. And thirdly, as multiple comparisons have been performed, it is not possible to rule out that the differences have been found by chance. Finally, limitations concerning the external validity include the difficult extrapolation of our results to clinical practice, where patients present differences in their characteristics compared with patients included in RPCCTs due to strict inclusion criteria. These criteria exclude patients with common comorbid conditions such as psychiatric disorders and cardiovascular diseases ([@CIT0030]). Furthermore, the length of trials is relatively short in comparison with the chronic course of the disease and its treatment in real-life patients with AD. In addition, no information on the efficacy of ChEIs in relevant clinical outcomes was included in these trials.

In relation to strengths, this study is the largest systematic review and meta-analysis performed in the context of AD. It included 43 RPCCTs, 16106 patients, and 60 drug-placebo comparisons. Furthermore, we have investigated all-cause discontinuation as a primary outcome to evaluate the benefit-risk relationship. This outcome is objective and not affected by attrition bias. Besides, it is the first systematic review and meta-analysis to determine the effect of ChEIs on mortality. Moreover, it is the first study to use a Bayesian methodology and to evaluate the association between study design-, intervention-, and patient-related characteristics in ChEIs discontinuation, efficacy and safety for AD. The Bayesian analysis has the advantage over the most frequent one in that prior information is incorporated into the analysis using a flexible method, which can lead to more precise and reliable results.

Conclusions {#s14}
===========

This study found mixed results. While ChEIs show a poor risk-benefit relationship, as indicated by small symptom improvement, and a higher all-cause discontinuation than placebo, a reduction in mortality was also found, which could renew interest in clinical research on ChEIs. Nevertheless, the clinical relevance of reduction in mortality accompanied by only a small improvement in symptoms is uncertain. Finally, intervention- and patient-related factors, but not study design, were found to slightly modify the effect of ChEIs in patients with AD. However, the clinical relevance of this is arguable.
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